well will be recorded. Phase velocity and damping coefficient of these waves, as well as the parameters of the filtration medium can be determined based on the measured values of amplitudes and phases of the pressure waves. If, using a device for flow control in the active well, to set change of flow rate q (t) in the value close to harmonic shape, then a quasi-harmonic change in pressure P (t) will take place in the bottom hole with the same period, as well. This kind of research of the wellbore environment represents a periodic "self-listening" of the wells. The analysis results of the dispersion relations will make it possible to establish a type of filtration and an adequate mathematical model. The study of the type of pressure change curves will allow assessing the degree of medium's nonlinearity, to draw conclusions regarding anisotropy of the reservoir and discontinuity of distribution of the filtration parameters in the borehole environment. 
Introduction
The control of the oil fields development requires knowledge of the reservoirs filtration parameters in the borehole environment and in the inter-well space. These parameters can be evaluated based on geophysical data and laboratory studies of the cores, but reliable information about the filtration parameters can be obtained only from hydrodynamic experiments.
Studies of the reservoirs are carried out under conditions of both steady and unsteady filtration. In the latter case, richer information content with less observation time is acquired. Approaches to research and analysis of unsteady filtration flows were developed in the middle of last century [1] [2] [3] . These are pressure build-up curves, interaction of wells, generation of hydrodynamic impulses and their modifications.
This paper describes one of unsteady methods for studying reservoirs, i.e.
the method of filtration waves of pressure, which can be regarded as a kind of pulse test or cyclic flow rate variation. The idea to use the method of filtration (harmonic) waves of pressure (FWP) for determining the filtration reservoir characteristics appeared more than 60 years ago. This idea was theoretically M. Molokovich [4] [5] [6] [7] , and in term of experiments -by N.N. Neprimerov and other researchers [8] [9] [10] . However, complexity of the field experiments and problems of interpretation of their outcomes have restrained its wide practical application for a long time. The recent appearance of new control and measuring devices used in combination with modern computer technologies and batch data processing as well as mathematical modeling has allowed to overcome the previous difficulties in implementation of the FWP method.
Examples of Application of the Method in Downhole Environment
In practice, the FWP method is intended to generate and record periodic disturbances in the form of changes the flow rate (well production) in one well (active well) and simultaneous recording of the response to this disturbance in the form of change in pressure both in this well and in the form of responses to changes in pressure in the other well or several offset wells (observation wells).
Let us consider an example of generating periodic disturbances of flow and pressure in the active well. If, using a device for flow control in the active well, to set change of flow rate q (t) in the value close to harmonic shape, then a quasi-harmonic change in pressure P (t) will take place in the bottom hole with the same period, as well. The example of the recorded cross-plots q(t) and P(t) at the period of exposure T = 202 s is shown in Figure 1 [8] .
This kind of research of the wellbore environment represents a periodic "self-listening" of the wells. We should note that in practice it is easier in terms of technology to set the changes of active well's modes of operation by means of relatively quick opening and closing of this well, which leads to generation of impulse sequences similar in their form to rectangular ones, and then, to perform numerical Fourier analysis of the signals followed by analysis of each individual harmonic. Figure 1 . Dependences q(t) and P(t) in the active well at the period of exposure T = 202 s
From the phase shift between the relevant harmonics of the flow rate and pressure and amplitude ratio, the values of filtration parameters transmissibility  = kh/µ and the complex χ/r w 2 near the well are determined, where the χ is a hydraulic diffusivity coefficient, r w -reduced radius of the well.
In the method under consideration, the leading role is played by the harmonics with smaller numbers, and at great distances, by primarily the first harmonic. At the same time investigation radius increases as the exposure period duration. Normally, the method of periodic "self-listening" allows to argue distribution zonal non-uniformities ( Figure 2 ). It means usually distribution of non-uniformities as long as several meters at the distance of 1 m from the borehole axis.
Let us now consider a case of inter-well spacing studies using the FWP methods for single-formation system with terrigenous reservoir [9] . Figure 3 shows the change in pressure in the active well (P active well ) caused by periodic changes in flow ratein it and the pressure change in the observation (control) well (P control well ). Variations of the flow rate in the injection-shutdown mode were set first with 24-hour periods, and then every 8 hours. 
Analytical Solutions and Calculations of Filtration Parameters
Let us suppose [5] [6] [7] there is an infinite horizontal formation with a uniform distribution of the parameters across the thickness. The well penetrates the formation vertically, and in the borehole the changes of the flow rate are set by the aggregate of periodic fluctuations in the form of
(
The flow in the reservoir is governed by the diffusivity equation in a cylindrical coordinate system PP r r r r t
The individual formation is deemed to be isotropic and a time-varying pressure depends only on the spatial coordinate r. It is necessary to determine change in pressure at any point in the formation, which is caused by disturbance generated by the experimenter.
Normally, the problems of this kind are solved by using Laplace 
where
wn wn wn wn wn 
For an arbitrary point of the reservoir (inter-well sounding)
where In the "self-listening mode", hydrodynamic parameters in the vicinity of active wells are determined by the estimated ratios: 
If the values of the non-dimension parameter wn X are small ( wn X <<1), then for the purpose of calculation of the parameters the approximate formulas can be used:
The criterion for the applicability of these solutions is fulfillment of the following condition
When measuring in the inter-well space of (7-10), a non-dimension
for the inter-well space is determined, the value of hydraulic diffusivity χ is evaluated and the average transmissibility 
and considering (16), the reduced radius of the well is calculated.
If X n >>1, (criterion for applicability X n >5) asymptotic formulas for calculating the parameters of the medium based upon the results of inter-well interference testing can be used:
The depth of penetration of the pressure waves into the formation can be estimated on the basis of the relative change in the wave amplitude on the observation well (or at a conditional point of the formation) in relation to the wave amplitude on the wall of the active well by the following formula 
The results of the relevant calculations for 0.5 <X <10 at various X c are shown in Figure 7 . Figure 7 . The P rn /P wn dependence from non-dimention X n under various non-dimention X wn
We see that the depth of penetration of a filtration wave into reservoir is determined by the geometry, reservoir properties and by the set period of exposure, as reflected in the non-dimension parameters
Since we are dealing with the waves of diffusion type, it is easy to obtain, from the relevant dispersion ratio, an expression for the phase velocity of the pressure waves -
. Implementation of such a case for terrigenous formation is shown in Figure 6 , where the dependence precisely of this type is demonstrated.
If filtration is described by linear non-local models of the following type
then the phase velocity of the waves of pressure
will include the parameters of the time dimension τ p and τ q , which characterize the properties of the medium, and by the frequency dependence of the phase velocity of pressure waves, the type of filtration can be determined for the particular case.
Numerical Simulation of the Pressure Waves
There are no analytical solutions for the method of pressure waves available for more complex cases of wave propagation in nonlinear inhomogeneous media; therefore, a need arises to use numerical methods.
Let us consider some peculiarities of propagation of pressure waves in the media with relaxation behavior and nonlinear properties [9] .
As a base option for the numerical calculations we will use a model of a Let us present the results of numerical calculations for the basic model (2) and variants of the model with relaxation (21), alternately examining the effect of terms with nonzero  q and  p on the shape of pressure curves. It is easy to see that one of the manifestations of nonlinearity is the significantly difference pressure shapes on active well at the even and odd halfperiods, due to different residence time of the system in states with low permeability at odd half-periods. 
